Background Despite appropriate therapeutic interventions, progressive optic pathway glioma (OPG) in children may result in loss of vision and other neurologic morbidities. Molecularly targeted therapy against the MAP kinase pathway holds promise in improving outcomes while resulting in lower treatment-related toxicities. We report two children with refractory OPG who had a substantial and early reversal of their neurologic deficits and an impressive imaging response of their tumor to BRAFV600E inhibition therapy. Methods Two children with OPG (BRAFV600E-mutated pilocytic astrocytoma) who did not respond to at least one frontline therapy were treated with the oral BRAFV600E inhibitor vemurafenib. Results Both children had substantial visual compromise before start of therapy, with one child additionally having motor deficits. Both had an early improvement in their vision, and the second child showed a demonstrable improvement in motor weakness. This was accompanied by a decrease in tumor size, which was sustained at 6 months from therapy. Neither child had significant toxicities except for mild skin sensitivity to vemurafenib. Conclusions BRAFV600E inhibitor therapy can potentially reverse visual and neurologic decline associated with progressive OPG. The clinico-radiologic response appears to be prompt and marked. Ongoing clinical trials using BRAFV600E inhibitors can help confirm these early promising findings.
Introduction
Most children with sporadic or non-neurofibromatosis-1 (NF-1) progressive optic pathway glioma (OPG) experience longterm visual deficits [1] . Although conventional chemotherapy may stabilize the disease and visual impairment, it rarely reverses existing visual or other neurologic deficits [2] [3] [4] . Furthermore, children with OPG experience considerable acute and chronic morbidities caused either by the disease or its therapy [5, 6] . Less toxic approaches that prevent or reverse neurologic decline are urgently needed to improve the quality of life of these children.
Molecular studies have demonstrated the role of the MAPK pathway in pediatric gliomagenesis [7] . Targeted inhibition of BRAFV600E-mutant protein, an activator of the MAPK pathway, is beneficial in treating central nervous system (CNS) tumors that carry this mutation [8] [9] [10] [11] . However, determining whether the mutation is present in an OPG requires biopsy. Traditionally, biopsies of OPG have been avoided due to the high risk of procedure-related complications such as deterioration of vision or vascular insults [12, 13] . Surgical intervention is most often used to debulk the tumor when standard treatments have failed or for histologic confirmation when the tumor behaves atypically [13] . Herein, we report two patients with refractory OPG with severe visual compromise in which biopsy results guided radiation-sparing treatment decisions. Both patients had somatic targetable BRAFV600E mutations. Both experienced rapid and substantial reversal of neurologic deficits, including visual compromise, with the BRAFV600E inhibitor vemurafenib. Neither child had any stigmata or family history of NF-1. This report demonstrates the prompt and excellent clinical and imaging response to BRAFV600E inhibition in progressive OPG and makes a case for timely biopsy of these lesions in affected children who have not responded to frontline therapy. Written informed consent was obtained from families of both children for describing their clinical course and imaging findings.
Case 1
A 2.5-year-old boy presented with an unsteady gait and gradual loss of vision over a few months. He often ran into objects in his path. Neurologic examination revealed bilateral nystagmus and right cranial nerve VI palsy. Ophthalmologic evaluation demonstrated bilateral optic nerve atrophy. A formal visual acuity test could not be performed due to the patient's young age, but he was able to fix on an object and follow it with both eyes open. Magnetic resonance imaging (MRI) of the brain and orbits demonstrated a large, expansive nonmetastatic mass centered in the optic chiasm and hypothalamus with heterogeneous post-contrast enhancement (Fig. 1a) . Given his severe visual compromise and young age, radiation therapy (RT) was not initiated. A stereotactic transtemporal tumor biopsy was done to potentially administer molecularly targeted medications in case conventional chemotherapy was not successful. There were no post-operative complications. Histologically, the lesion was identified as a pilocytic astrocytoma (PA), World Health Organization (WHO) grade I. Duplication or rearrangement of the BRAF gene (7q34) was not detected by fluorescence in situ hybridization, but the presence of a BRAFV600E mutation was confirmed by immunohistochemistry and targeted sequencing. A vincristine/ carboplatin and oral temozolomide regimen was initiated [14] .
Six months from the start of therapy and after an initial period of stable symptoms, the patient's vision worsened, and progression of the primary lesion was evident on imaging (Fig. 1b) . The patient was then able to recognize objects at a distance of only 2 to 3 in. and did not recognize 1-in. pictures on visual testing. Due to his young age, concerns about the long-term toxicity associated with RT, and the positive BRAFV600E finding, we started oral vemurafenib (550 mg/ m 2 , twice daily). Eight weeks after beginning therapy, the patient's parents noticed that his vision had improved and he no longer ran into objects. Clinical examination revealed that the patient could once again fix on an object and follow it with each eye. He was able to identify 1-in. images at a 2-to 3-in. distance with both eyes open. MRI of the orbits demonstrated more than 50% reduction in tumor volume (Fig. 1c) . This early impressive response continued, and tumor size reduced further after 5 months of therapy (Fig. 1d) . The patient's vision improved; he was able to recognize faces and colors and had minimal nystagmus. An ophthalmologic exam demonstrated persistent bilateral optic atrophy. Other than mild cutaneous photosensitivity, the patient experienced no substantial adverse effects.
Case 2
A 6-month-old male infant had an optic pathway and hypothalamic lesion consistent with a low-grade glioma (LGG) in a brain MRI obtained during an evaluation of bilateral nystagmus ( Fig. 1e ). The patient perceived light but did not track it.
He had bilateral optic disc pallor and optic atrophy. MRIs showed evidence of leptomeningeal spread in the brain and cervical spine. A vincristine/carboplatin and oral temozolomide regimen, similar to that administered to the first patient, was initiated. The primary lesion progressively improved over 13 months with stable leptomeningeal disease (Fig. 1f) . After approximately 15 months of therapy, the patient's course was complicated by febrile neutropenia and Mycobacterium chelonae endocarditis, which was treated successfully with appropriate antibiotics. Soon thereafter, the primary lesion progressed (Fig. 1g) . The patient was then treated with a weekly vinblastine regimen [15] , which transiently stabilized the tumor. One year into the weekly vinblastine therapy, the patient experienced left-sided weakness. He refused to walk and lost light perception. Imaging showed evidence of progression of the primary tumor (Fig. 1h) . A regimen of thioguanine, procarbazine, CCNU, and vincristine [16] was administered for 3 months, but the disease continued to progress. Surgical debulking was considered a poor treatment choice because of the risk of substantial neurologic deficits and, given the patient's metastatic disease, would at best provide only temporary symptom control. RT was also considered as a treatment option; however, in the setting of metastatic disease, the risk of craniospinal irradiation causing adverse long-term sequelae was high, given his young age and the extent of disease. Therefore, a stereotactic transtemporal tumor biopsy, similar to the first patient, was performed to determine whether the tumor expressed any molecular features that could be targeted. The post-operative period was uneventful. Histopathologic analysis confirmed a PA, WHO grade I. A BRAFV600E mutation was detected by immunohistochemistry and validated by targeted gene sequencing. Vemurafenib therapy was initiated, as done in the first patient. As he was unable to swallow pills, tablets were crushed and administered orally with food.
Two months after initiating vemurafenib, the patient regained left-sided movements and light perception in both eyes, with imaging evidence of improvement in the primary lesion and stable leptomeningeal disease (Fig. 1i) . The patient's mother communicated weekly improvements in his light perception. After 6 months of therapy, the patient had an almost normal range of spontaneous movements of his left extremity, albeit with mild weakness, and he could walk on his own but continued to demonstrate optic atrophy. MRIs showed steady decrease in the primary tumor size (Fig. 1j) . As seen for the first patient, the only notable reported toxicity was cutaneous photosensitivity. The second patient experienced an episode of severe sunburn. He now avoids intense sun exposure and has not had any other adverse effects.
For safety monitoring, both patients continue to undergo periodic electrocardiograms and dermatologic evaluations due to the potential risk for QTc prolongation and squamous cell carcinoma, respectively, with vemurafenib therapy. Neither toxicity has been seen in both patients.
Discussion
Visual dysfunction contributes to the substantial morbidity experienced by children with OPG; for most patients, vision loss is not reversed by chemotherapy or RT [5, 17, 18] . RT produces more durable responses than does chemotherapy in children with LGG [16, 19] . However, due to long-term toxicities associated with RT, especially in the very young [6] , novel therapy is essential to treat these patients. Targeted therapy against the MAPK pathway holds promise for reversing . Also, the right optic pathway was larger than the left optic pathway. f After 13 months of chemotherapy, these features slowly improved. g At 15 months after initiating chemotherapy, the tumor had increased in size and enhancement. h Further progression was obvious after 1 year of weekly vinblastine therapy, and the tumor measured 5.1 × 9.4 × 4.5 cm 3 . i After 2 months of vemurafenib, there was dramatic improvement in the lesion. j At the 6-month follow-up, the tumor showed continued improvement and measured 4.1 × 9.2 × 4 cm 3 neurologic dysfunction and sparing RT-associated toxicity [8, 9, 20, 21] .
In the presence of typical imaging features of an OPG in patients who do not have NF-1, biopsy confirmation is not routinely done before initiating tumor-directed therapy [16, 22] . More recently, molecular studies of LGG have shown that activation of the MAPK pathway is a key event and driving force for most LGGs [7, 23] . Tandem duplication of the BRAF oncogene at 7q34, with subsequent fusion to the KIAA1549 gene, is the most common aberration in PA (found in~75% of cerebellar PAs) [24] [25] [26] . However, a smaller but substantial percentage of patients (10%) harbor the point mutation BRAFV600E [23] . Both aberrations result in formation of a mutant protein that constitutively activates the MAPK pathway through the RAS/RAF complex. Thus, both aberrations contribute to gliomagenesis, which makes them attractive targets for inhibitor therapy [23, 24] . Although large clinical trials of BRAFV600E inhibitors for treatment of refractory pediatric LGG are ongoing (clinicaltrials.gov), extensive data prove the drug's utility in adult melanoma. BRAF mutations occur in up to 60% of adult patients with melanomas [27] , and BRAFV600E inhibitors improve the outcome and survival in those patients [28] . Furthermore, recent studies report profound responses to BRAF-inhibitor therapy in pediatric patients with brain tumors that express BRAFV600 mutations [8-11, 20, 21] .
Our case series demonstrates the rapid and dramatic effect of BRAFV600E inhibitor vemurafenib in children with OPG. In patient 1, the tumor size reduced within 3 months of initiating vemurafenib therapy, and in patient 2, symptomatic recovery occurred even sooner. The response was even more pronounced at 6 months for both patients, thus confirming an ongoing effect of BRAFV600E inhibition on the tumors. Both patients had continued improvement in visual and neurologic deficits. Also, both tolerated the medication well, except for mild cutaneous toxicity, which is being symptomatically managed. Importantly, for treating young children who have difficulty swallowing pills, our experience with patient 2 demonstrates that vemurafenib can be powdered and still be effective. Thus, our case series and other reports indicate that vemurafenib has antitumor activity in primary CNS neoplasms [9] [10] [11] 21] .
Most clinical trials on OPG have used imaging response as a measure of treatment efficacy. The use of functional improvement, however, is a more useful measure of a clinical trial's success. Despite this, an accurate and objective assessment of neurologic dysfunction, especially of vision changes, in young children is very challenging, as evidenced by the difficulty in measuring visual acuity in our first patient. The response evaluation in neurofibromatosis and schwannomatosis visual outcomes committee recommends the use of visual acuity assessment as the main functional end point for OPG clinical trials [29] . The committee also concludes that although it is vital to assess the optic disc for pallor and optic atrophy in children with OPG, the finding of optic atrophy in itself may not always correlate with visual acuity loss. Visual loss in OPG may be due to tumor infiltration or increased tumor vascularity, resulting in vasogenic edema [30] . Moreover, a chiasmatic/hypothalamic location, similar to that seen in our patients, is associated with a worse visual outcome in some studies [1, 18] . Tumor shrinkage, with resultant decrease in pressure over the nerves, may have contributed to the reversal of neurologic decline in our patients.
This raises an important question regarding the timing of biopsy of suspected OPG in children who do not have NF-1. Most of these tumors are indolent and cause very gradual loss of vision in some patients. Hence, a careful follow-up with periodic eye examinations, without active intervention, is recommended for these children. However, in patients with progressive vision loss whose tumors did not respond to frontline chemotherapy, who may experience predictably greater toxicity with RT because of young age or require a large RT field because of tumor size, similar to our patients, biopsy needs to be judiciously considered to identify druggable targets. We propose that timely biopsy be performed and not deferred until after the failure of multiple chemotherapy regimens or RT. This approach will not only prevent the development of additional neurologic deficits but also avoid toxicities associated with those modalities. However, we recommend that biopsy be performed in institutions with appropriate pediatric neurosurgery expertise to reduce the risk of morbidity associated with the procedure.
Key questions about the optimal duration of BRAF inhibitor therapy and drug resistance in LGG remain unanswered. This radiologic response and clinical improvement need to be confirmed in large clinical trials that incorporate timely biopsy, when a child with OPG experiences neurologic worsening, and eligible children are treated with BRAFV600E inhibitors without deferring a biopsy until after failure of multiple modalities of therapy.
